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Observation of vortices and field correlations
in the near-field speckle
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We present a phase-sensitive near-field study of speckle fields from photonic crystals in the presence of disorder.

We observe phase singularities (vortices) and analyze their statistical properties and screening effects. The experi-
mental results show a clear polarization dependence, not only in their morphological parameters but also in their

spatial distribution.
OCIS codes: 160.5298, 180.4243, 260.6042.

Phase singularities are lines in space or points in a plane
where the phase of a complex scalar wave is undefined
and the amplitude is zero. In the neighborhood of such
singularities, the gradient of the phase changes quickly
through all of its values. Phase singularities for sound
waves were observed already in 1973 [1] and were later
studied for several other wave phenomena [2], including
radio, microwaves [3], and optical waves [4,5]. The posi-
tions of such phase singularities and their morphological
properties are not independent; they are strongly corre-
lated to the optical properties of the dielectric material
under study [6,7]. Consequently, singular optics has re-
ceived much interest in the photonic community [8,9].
The statistical proprieties of a speckle pattern are a clear
fingerprint of the multiple scattering that occurs in the
sample, as intensively shown in near-field investigation
at the microwave regime [10-12]. From such information,
however, it is also possible to characterize the optical
properties of real ordered structures, which are inevita-
bly affected by structural disorder [13].

Here, we report on a near-field investigation, at optical
frequencies, of speckle patterns and phase singularities
generated by a three-dimensional photonic crystal with
a significant degree of disorder. We experimentally de-
monstrate the near-field polarization dependence of the
vortex field by studying both the vortices morphological
parameters and their screening effect. Comparison of ex-
perimental results with theory for isotropic random field
show similarities as well as differences, emphasizing the
role of the disorder and polarization on the studied
system.

The sample under investigation is a silica synthetic opal
grown using a dip-coating technique [14]. The micro-
spheres that constitute the photonic structure have a
diameter of 730 nm. Far-field reflection measurements,
performed along the I" — L direction of the opal, exhibit a
Bragg peak centered at 15650 nm with a reflectivity of
roughly 30%. This relatively low value of reflectivity indi-
cates that the studied opal has an appreciable degree of
disorder. We perform a set of measurements in the same
zone of the sample for different incident wavelengths ran-
ging from 1440 nm to 1590 nm using a scanning near-field
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microscope (SNOM) combined with a Mach-Zehnder
type interferometer [5,9]. Linearly polarized laser light
is coupled into the structure by focusing it at one side
of the (111) plane of the opal; see Fig. 1(a). An aluminum-
coated tapered fiber with a subwavelength aperture (near-
field probe) is kept at an ~20 nm distance from the
sample. A minute fraction of the evanescent field of the
light transmitted through the sample is coupled to the
probe and detected. By combining the near-field micro-
scope with a interferometer, we are able to probe the am-
plitude and the phase distributions with subwavelength
resolution, allowing us to reconstruct the field as

E(r) = A(r) expip(r) =fge(r) + Ym(r), (1)
where r = (x,y), A and ¢ indicate the amplitude and the
phase of the optical field, and fs. and f7,, are its real and
imaginary parts, respectively.

Figure 1(b) shows a typical map of the electric field am-
plitude A collected by the near-field probe outside at 1 =
1442 nm, where the speckle fluctuations are clearly recog-
nizable. The map of the electric field amplitude in Fig. 1(b)
is compared with the map of the phase in Fig. 1(c). Phase
singularities [black dots in (¢)] correspond to zero ampli-
tude [white dots in (b)]. To locate the position of the sin-
gularities accurately, we identify the lines where f. (gray
lines) and f1,, (black line) are zero, respectively. The vor-
tex centers are then located at the crossing points of these
lines (because both the real and the imaginary part have to
be zero at the singularity; see Fig. 1(d)]. The vortex posi-
tions are indicated by the full and empty dots at intersec-
tions between the gray and black lines. In the case of
speckle pattern generated from a complete random sys-
tem and in the far-field region, the vortices must obey a
fundamental sign principle [6]. This means that, when a
certain vortex has an increasing phase when rotating
clockwise, its adjacent should have a decreasing phase
when rotating in the same direction. The reason behind
this concept is topological, and should therefore hold
for any type of vortex field, including the ones generated
by a partially disordered photonic crystal. We verify the
sign principle for the vortices observed in our sample
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by calculating along the two directions in the plane, the
derivatives of the phase at the position of the vortices.
Figure 1(d) shows that the nearest neighbors vortices
are also anticorrelated for the speckle field generated in
the near-field region. The sign of the vortices are strictly
related to their spatial distribution as well. To obtain a
more quantitative understating of the vortex screening,
we can calculate, from the experimental data, the charge
correlation function (Cy) [15] as

CalAr) == < N (O)IN, (Ar) - N_(&r)] > -5(Ar). (2

where N, (Ar) is the number density of positive/
negative vortices at position r, 7 is the total number of vor-
tices (N 22N, ~2N_), and the Dirac delta function 6
takes into account the fact that the charge at the origin
is correlated with itself. The spatial distribution of the in-
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Fig. 1. (Color online) (a) Schematic representation of the set-
up. The inset (I) shows a scanning electron microscope image
of the near-field probe. (b) Example of the electric field ampli-
tude distribution collected by the near-field microscope at
A = 1442 nm. The white dots in correspondence of the zero val-
ues of the field amplitude correspond to vortice positions. (c),
(d) Phase map and the map of the zero lines of the real part and
the imaginary part of the field are presented, respectively, in
correspondence to region indicated by the square in (a). (e)
Map of the integrated charge correlation function Cy, obtained
from the experiential data. (f) Angular average of Co(Ar) com-
pared with the calculated expression.

tegrated charge correlation function is shown in Fig. 1(e).
The pointsin Fig. 1(f) represent the averaged radial profile
of Cy,. Itis interesting to notice that C, is mostly negative
as expected in the case of screening. By comparing this
curve with the theoretical expression given in [15], we find
a coherence value of 1.5 ym.

We calculate from the experimental data the vortex
morphological parameters and their statistical probabil-
ity densities [1,2,4,6]. In particular, we investigate the
statistical behavior of the geometrical parameters asso-
ciated to the tangent planes of f. and f,, at the vortex
position as defined in [16]. Figure 2(a) provides a sche-
matic representation of these parameters. We define pg,
and py, as the angles between the normal of the tangent
planes and the x axis, and tan ¢g, and tan ¢y, are their
slopes. In Fig. 2(b), the angular distribution pg, is pre-
sented. This distribution shows two well-defined maxima
in correspondence of +(z/2). For the angular distribu-
tion of py,, which is not reported here, the same behavior
is obtained. The fact that the vortices are predominantly
oriented along the y axis (that is, perpendicular with re-
spect the polarization direction) can again be attributed
to the polarization dependence of the speckle pattern in
the near field [17,18]. In Fig. 2(c) the probability distribu-
tion of the vortex anisotropy (a = (tan ¢,/ tan ¢g.)) is
reported. In the histogram, the bin that contains most
counts is a = 0.75, indicating that in most cases the vor-
tices present a certain degree of anisotropy. Finally,
Fig. 2(d) shows the probability distribution of the vortex
amplitude a = tan ¢g.. This probability is analogous to
the one calculated for the isotropic random case.

To obtain a deeper insight of the role of the disorder in
our system, we retrieve from our data the spectral cor-
relation function. Figures 3(a) and 3(b) show the real
part of the spatial correlation function obtained from the
measurements, outside and inside the pseudo-gap region,
respectively. In both figures, we observe an evident ra-
dial anisotropy that is explained considering the polari-
zation dependence of the near-field speckle pattern
[17,18]. In both cases, the spatial correlation length of
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Fig. 2. (Color online) (a) Schematic representation of the geo-

metry of the real/imaginary tangent plane: the angle that mea-
sures the orientation of the plane with respect to the x axes is p,
while the slope of the plane is ¢. (b)—(d) Vortex morphological
parameters distributions for p, a, and a, respectively. The red
curves in the graphs represent the expected behavior for such
parameters for the isotropic random field case.
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Fig. 3. (Color online) (a), (b) Real part of the spatial correla-
tion function of the electric field for A= 1442 nm and
A= 1562 nm, respectively. (c) The dotted black line in the
graph reports the cut along the y direction of the real part of
the spatial correlation function, while the dotted red (gray) line
reports the imaginary part. The black straight line is the fit of
the real part of the correlation function obtained considering
the theory for random systems reported in [11]. (d) Same as
(c) for the x direction. The black straight line is the expression
of the real part of the correlation function considering a refrac-

tive index equal to 1.

the field is significantly larger in the direction of the po-
larization (along the x axis) than in the perpendicular di-
rection. This observation indicates that the effect is not
related to the photonic crystal structure because its op-
tical property are strongly wavelength dependent. By
comparing our experimental results to the complete iso-
tropic random case [11] we observe that the spatial cor-
relation profile along the y direction corresponds well to
the theoretical curve for a completely disordered system.
From the comparison, it is possible to estimate the effec-
tive refractive index [see Fig. 3(c)], which gives n =
1.07 + 0.07, and the coherence length that is agreement
with the value estimated from the Cg. These values are
constant within the error for all the wavelengths consid-
ered. The spatial correlation profile taken along the x di-
rection has a different shape, which cannot be fitted with
the same expression [see Fig. 3(d)]. In this case, to match
the width of the central peak, one would obtain a refrac-
tive index value smaller than 1. These observation clearly
indicate polarization dependencies of the speckle pattern
generated by the investigated sample. The anisotropy in
the field correlation shows that the polarization is not
completely randomized during the multiple scattering
processes, as predicted in [17,18] and observed in [19].
The red (gray) dotted curves in Figs. 3(c) and 3(d) are
the profile along the y direction of the imaginary part
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of the spatial correlation function. We can clearly recog-
nize that the imaginary part exhibits oscillations, above
the noise level. This interesting behavior is absent in reg-
ular disordered structures, because the imaginary part of
Cg(Ar) vanishes for homogeneous isotropic structures
[11]. These oscillations, therefore, suggest the presence
of the underlying photonic crystal structure.

In conclusion, we studied the near-field speckle of
three-dimensional photonic crystals. We observed vor-
tices and analyzed their morphological parameters. Our
work shows that a phase-sensitive near-field investiga-
tion reveals the influence of disorder on light propagation
in photonic crystals.
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